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steroidogenesis, mitochondrial permeability transition pore opening and apoptosis. TSPO
ligands have been investigated as therapeutic agents that promote neuroprotective effects
in experimental models of brain injury and neurodegenerative diseases. The aim of this
study was to identify the neuroprotective effects of 40-chlorodiazepam (40-CD), a ligand of
TSPO, against amyloid-beta (Aβ) in SHSY-5Y neuroblastoma cells and its mechanisms of
action. Aβ decreased the viability of SHSY-5Y neuroblastoma cells, while 40-CD had a
neuroprotective effect at the doses of 1 nM and 10 nM. The neuroprotective effects of 40-CD
against Aβ were associated with the inhibition of Aβ-induced upregulation of Bax and
downregulation of survivin. In summary, our ﬁndings indicate that 40-CD is neuroprotec-
tive against Aβ-induced neurotoxicity by a mechanism that may involve the regulation of
Bax and survivin expression.
& 2015 Elsevier B.V. All rights reserved.8
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.D. Arbo).1. Introduction
Translocator protein (TSPO) is an 18 kDa protein located at
contact sites between the outer and the inner mitochondrial
membranes, which was previously known as peripheral benzo-
diazepine receptor (PBR), due to its property to bind diazepam
(Papadopoulos et al., 2006; Batarseh and Papadopoulos, 2010).
This protein is arranged in ﬁve transmembrane alpha helicesand presents a cholesterol recognition amino acid consensus
(CRAC) domain at its C-terminal region, presenting high-afﬁnity
for cholesterol (Li and Papadopoulos, 1998; Jaremko et al., 2014).
Functionally, TSPO is thought to mediate the translocation of
cholesterol across the aqueous mitochondrial intermembrane
space, and due to this function, this protein was renamed in
2006 as TSPO (Papadopoulos et al., 2006). TSPO forms part of a
multiprotein complex, termed the transduceosome, composed
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the mitochondria such as: (i), the voltage-dependent anion
channel (VDAC); (ii), the 67-kDa long isoform of the adenosine
triphosphatase (ATPase) family, AAA domain-containing protein
3 (ATAD3) and (iii), the steroidogenic acute regulatory protein
(StAR) (Midzak et al., 2011; Rone et al., 2012; Issop et al., 2015).
The transport of cholesterol into the mitochondria is the rate-
limiting step in steroidogenesis. In the mitochondria, the bio-
synthesis of steroids is initiated with the enzymatic cleavage of
the side chain of cholesterol by the cytochrome P450 side chain
cleavage enzyme (CYP11A1), which forms the ﬁrst steroid,
pregnenolone (Miller and Auchus, 2011). Pregnenolone, then,
leaves the mitochondria towards the endoplasmic reticulum,
where it undergoes further enzymatic transformations that will
form the ﬁnal steroid products, including progesterone, testos-
terone and estradiol (Lacapère and Papadopoulos, 2003).
In addition to its relationship with the regulation of choles-
terol transport and steroidogenesis, TSPO is thought to mediate
other mitochondrial functions, such as mitochondrial respiration
and cell proliferation and differentiation (Hirsch et al., 1989; Corsi
et al., 2008). Moreover, TSPO has been associated with the control
of themitochondrial permeability transition pore (MPTP) opening,
therefore regulating cytochrome C release, caspase activation and
apoptosis (Zamzami and Kroemer, 2001; Azarashvili et al., 2007;
Sileikyte et al., 2011).
TSPO is widely distributed throughout the body, being found in
most tissues, including the adrenal, pineal and salivary glands,
the olfactory epithelium, ependyma, gonads, heart, kidney, liver,
lung, bone, marrow, brain, spinal cord and peripheral nerves
(Batarseh and Papadopoulos, 2010; Hernstadt et al., 2009). In the
nervous system, the expression of TSPO in physiological condi-
tions is low, however, this protein is upregulated at sites of injury
and inﬂammation, as well as in several neuropathological condi-
tions including stroke and neurodegenerative disorders such as
Alzheimer's disease (AD), Parkinson's disease, Huntington's dis-
ease, multiple sclerosis and amyotrophic lateral sclerosis (Gerhard
et al., 2006; Pavese et al., 2006; Edison et al., 2008; Yasuno et al.,
2008; Rissanen et al., 2014; Zürcher et al., 2015). Some studies have
shown that TSPO ligandsmay be neuroprotective in experimental
models of different neurodegenerative diseases, as well as in
experimental models of brain injuries and psychiatric disorders
(see Arbo et al. (2015) for review). In addition, Girard et al. (2008)
have shown that the TSPO ligand etifoxine is able to improve
nerve regeneration and functional recovery after nerve transec-
tion in rats. Furthermore, Giatti et al. (2009) demonstrated that the
TSPO ligand 40-chlorodiazepam (40-CD, also known as Ro5-4864) is
able to increase the levels of pregnenolone, progesterone and
dihydrotestosterone in the sciatic nerves of diabetic rats and to
decrease the severity of diabetic peripheral neuropathy. In relation
to AD, it was observed that 40-CD exerts neuroprotective actions in
a mouse model of AD, reducing hippocampal amyloid-beta (Aβ)-
40 accumulation and gliosis, and improving the functional out-
comes of 3xTgAD mice (Barron et al., 2013).
AD pathological hallmarks include the presence of extracel-
lular senile plaques mainly composed of Aβ peptide and intra-
cellular neuroﬁbrillary tangles formed by hyper-phosphorilated
aggregates of tau, which is a microtubule-associated protein
(Cavallucci et al., 2012). Aβ accumulation causes neuronal damage
in AD through the activation of pro-apoptotic pathways (Nikolaev
et al., 2009; Vohra et al., 2010; Zhou et al., 2011) and contributes tothe formation of intracellular neuroﬁbrillary tangles, which
further accelerates neuronal loss and causes the symptoms of
dementia (Takata and Kitamura, 2012). It is known that Aβ
downregulates the expression of Bcl-2, an anti-apoptotic protein,
and upregulates the expression of Bax, a pro-apoptotic protein,
regulating neuronal survival through the modulation of the
balance between pro-apoptotic and anti-apoptotic proteins
(Paradis et al., 1996; Selznick et al., 2000; Clementi et al., 2006).
Therefore, the aim of this study was to identify the neuroprotec-
tive effects of 40-CD against amyloid-beta (Aβ) in SHSY-5Y
neuroblastoma cells and its mechanisms of action.2. Results
2.1. 40-CD is neuroprotective against Aβ induced
neurotoxicity
To assess its neuroprotective effects, four different doses of
40-CD were tested against Aβ-induced neurotoxicity. It was
observed that 40-CD was neuroprotective against Aβ when
administered at 1 nM or 10 nM (F(6,30)¼8.093, Po0.0001)
(Fig. 1). However, when cells were treated with higher doses
of 40-CD (100 nM or 1 μM), its neuroprotective effect disap-
peared. Based on these ﬁndings, we selected the dose of
10 nM to be used in the subsequent experiments.
2.2. The neuroprotective effect of 40-CD against Aβ is
related with the modulation of the protein expression of Bax
and survivin
After the identiﬁcation of the neuroprotective effect elicited by 40-
CD administration against Aβ-induced neurotoxicity, we studied
the expression of some proteins implicated in the regulation of
cell survival and apoptosis, namely Bax, survivin, Bcl-xl and
procaspase-3, which could mediate the neuroprotective effects
of 40-CD. We observed that Aβ increased the protein expression of
Bax (F(3,20)¼5.916, P¼0.0046) (Fig. 2) and decreased the protein
expression of survivin (F(3,18)¼3.454, P¼0.0385) (Fig. 3), while the
concomitant administration of 40-CD inhibited these effects. No
differences were found in the expression of Bcl-xl (Fig. 4) and
procaspase-3 (Fig. 5) between the experimental groups.3. Discussion
In the last decade, several studies have assessed the neuropro-
tective actions of TSPO ligands in different experimental models.
These compounds, which are currently used for brain imaging of
neuroinﬂammation due to the upregulation of TSPO in reactive
microglia and astrocytes, have been shown to be neuroprotective
in different experimental models of neurodegenerative diseases,
brain injuries and psychiatric disorders (as reviewed by Arbo
et al. (2015). In this study, we observed that the TSPO ligand 40-CD
was neuroprotective against Aβ treatment in female human
neuroblastoma cells. These data corroborate previous data by
Barron et al. (2013), which found that 40-CD was neuroprotective
in a mouse model of AD, reducing hippocampal Aβ-40 accumula-
tion and gliosis, and improving the functional outcomes of
3xTgAD mice.
Fig. 1 – Effect of different doses of 40-CD in the viability of SHSY-
5Y cells exposed to Aβ. Cells were pre-treated with vehicle or
different doses of 40-CD for 1 h, and then treated with vehicle or
40-CD and exposed to Aβ (1–40) (12 μM) for 24 h. At least four
independent experiments were performed. Data represent the
mean7SEM and are expressed as percentage of control values.
#Different fromDMSO; *Different fromAβ (ANOVA/SNK, Po0.05).
Fig. 2 – Effect of 40-CD in the protein expression of Bax in SHSY-
5Y cells exposed to Aβ. Cells were pre-treated with vehicle or 40-
CD (10 nM) for 1 h, and then treated with vehicle or 40-CD
(10 nM) and exposed to Aβ (1–40) (12 μM) for 24 h. Data represent
the mean7SEM. *Different from other groups (n¼5–6/group;
ANOVA/SNK, P¼0.0046).
Fig. 3 – Effect of 40-CD in the protein expression of survivin in
SHSY-5Y cells exposed to Aβ. Cells were pre-treated with
vehicle or 40-CD (10 nM) for 1 h, and then treated with
vehicle or 40-CD (10 nM) and exposed to Aβ (1–40) (12 μM) for
24 h. Data represent the mean7SEM. *Different from other
groups (n¼6/group; ANOVA/SNK, P¼0.0385).
Fig. 4 – Effect of 40-CD in the protein expression of Bcl-xl in
SHSY-5Y cells exposed to Aβ. Cells were pre-treated with
vehicle or 40-CD (10 nM) for 1 h, and then treated with
vehicle or 40-CD (10 nM) and exposed to Aβ (1–40) (12 μM) for
24 h. Data represent the mean7SEM (n¼5–6/group).
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neuronal survival through the modulation of the balance
between pro-apoptotic and anti-apoptotic proteins (Paradis
et al., 1996). We observed here that Aβ neurotoxicity wasassociated with a decreased expression of survivin, which
was reversed by the co-administration of 40-CD. Survivin is a
downstream protein of the β-catenin pathway and a member
of the inhibitor of apoptosis protein family, which exerts
Fig. 5 – Effect of 40-CD in the protein expression of
procaspase-3 in SHSY-5Y cells exposed to Aβ. Cells were
pre-treated with vehicle or 40-CD (10 nM) for 1 h, and then
treated with vehicle or 40-CD (10 nM) and exposed to Aβ (1–
40) (12 μM) for 24 h. Data represent the mean7SEM (n¼6/
group).
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activated caspases, including caspase-3 and -7 (Tamm et al.,
1998; Shin et al., 2001). Although we did not observe changes
in the levels of procaspase-3, survivin could be acting mod-
ulating its cleavage into the active caspase-3, whose levels
were not detected in the Western-blots. Indeed, data suggest
that although survivin tightly binds to active caspases such
as caspase-3 and -7, it may not bind to its inactive proforms,
acting mainly by inhibiting the activated caspases and
regulating caspase activation by preventing the cleavage of
its proforms (Tamm et al., 1998). Therefore, this could explain
the fact that the changes in the levels of survivin were not
correlated with signiﬁcant differences between the levels of
procaspase-3. In addition, it should be mentioned that the
role of caspase-3 in the Aβ-induced neuronal death is still
controversial, as studies have suggested that Aβ neurotoxicity
may be also caspase-independent (Selznick et al., 2000;
Dumanchin-Njock et al., 2001; Yu et al., 2010; Yu et al., 2011).
In addition to the modulation of survivin protein expres-
sion, the neuroprotective effects of 40-CD were also associated
with a decreased protein expression of Bax. As previously
mentioned, several studies have shown that Aβ-induced
neuronal damage is associated with the modulation of the
balance between pro-apoptotic and anti-apoptotic proteins,
including the upregulation of Bax and the downregulation of
anti-apoptotic proteins from the Bcl-2 family (Paradis et al.,
1996; Selznick et al., 2000; Clementi et al., 2006). Bax is a pro-
apoptotic protein from the Bcl-2 protein family that is found
mainly in the cytosol as soluble monomers, and to a lesser
extent, loosely associated to mitochondria (Dejean et al.,2006). Bax activity is under the control of prosurvival mem-
bers of the Bcl-2 family, including Bcl-2 and Bcl-xl, which
heterodimerize with Bax and other pro-apoptotic proteins,
inhibiting their activation (Chipuk et al., 2010). After apoptotic
stimulation, Bax undergoes conformational changes and is
translocated from the cytosol to the mitochondria, where it
regulates the formation of pores and leads to the mitochon-
drial outer membrane permeabilization (MOMP), resulting in
the release of cytochrome c and other pro-apoptotic factors
from the mitochondria, which lead to caspase activation and
apoptosis (Gillies et al., 2015). Therefore, the neuroprotective
actions of 40-CD against Aβ could be related with a down-
regulation of Bax expression, which could be associated with
decreased cytochrome c release and increased cell viability.
Although the changes in the Bax expression were not directly
related to signiﬁcant changes in the expression of Bcl-xl,
other proteins of the Bcl-2 family such as Bcl-2 could be
involved in the regulation of Bax expression after 40-CD
treatment.
As previously mentioned, functionally, TSPO is thought to
regulate cholesterol transport and steroidogenesis (Midzak
et al., 2011; Rone et al., 2012; Arbo et al., 2015). Therefore, one
of the hypothesis regarding the neuroprotective effects of
TSPO ligands against Aβ is that the activation of TSPO could
be related with the stimulation of the biosynthesis of neuro-
steroids, which could mediate the neuroprotective effects of
TSPO ligands. Regarding this aspect, it is known that estradiol
is able to regulate the expression of proteins from the Bcl-2
family, decrease mitochondrial cytochrome c release and
protect cortical and hippocampal neurons against Aβ
(Nilsen et al., 2006; Yao et al., 2007). These data were
corroborated by another study, which found that estradiol
protects cerebellar granule cells against Aβ through a reduc-
tion in the Aβ-induced upregulation of Bax and downregula-
tion of Bcl-xl, inhibiting mitochondrial cytochrome c release
and apoptosis (Napolitano et al., 2014). Moreover, Qin
et al. (2015) demonstrated that progesterone is neuroprotec-
tive against Aβ-induced neurotoxicity in primary cultured rat
cortical neurons through the inhibition of JNK signaling and
the inhibition of the mitochondrial apoptotic pathway. More
recently, Grimm et al. (2015) showed that different neuro-
steroids, including progesterone, estradiol and testosterone,
are able to rescue the bioenergetics deﬁcits induced by the
overexpression of Aβ in SHSY-5Y cells. In addition, other
study showed that both estradiol and progesterone are able
to regulate the expression of Aβ clearance factors in primary
neuron cultures and female rat brain (Jayaraman et al., 2012),
corroborating a possible role of neurosteroids in the regula-
tion of Aβ actions in the brain. On the other hand, it is also
known that neurosteroidogenesis is affected by Aβ in SH-
SY5Y cells (Schaeffer et al., 2008) and that 3xTg-AD mice
show age-related changes in neuroactive steroid levels
(Caruso et al., 2013), corroborating the relationship between
Aβ and these molecules. Therefore, as 40-CD elicit neuropro-
tection against Aβ through similar mechanisms than neuro-
steroids, including the modulation of the balance between
pro-apoptotic and anti-apoptotic proteins, it is possible that
these effects could be mediated by increased neurosteroido-
genesis, and this hypothesis should be tested by further
studies.
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against Aβ-induced neurotoxicity and that this effect may be
related with the inhibition of Aβ-induced downregulation of
survivin and upregulation of Bax. Further studies may inves-
tigate if the neuroprotective effects of 40-CD against Aβ are
mediated by increased neurosteroidogenesis related to the
stimulation of TSPO activity.4. Experimental procedure
4.1. Chemicals
Dimethyl sulfoxide (DMSO), 40-CD, retinoic acid (RA), ﬂuor-
escein diacetate (FDA) and propidium iodide (PI) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Culture
mediums were purchased from Invitrogen (Invitrogen, Crewe,
UK). Aβ1–40 was supplied by Polypeptide (Strasbourg, France).
4.2. Cell cultures
Female human SH-SY5Y neuroblastoma cells (American Type
Culture Collection, Manassas, VA, USA) were grown in Dul-
becco's Modiﬁed Eagle Medium/Nutrient F-12 Ham (DMEM
F12) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and 1% of antibiotics. Cells were maintained at
371 C in a saturated humidity atmosphere containing 95% air
and 5% CO2. They were passaged twice per week and were
not used after 10 passages.
4.3. Evaluation of the neuroprotective effects of 40-CD
against Aβ induced neurotoxicity
After reaching 80% conﬂuence, cells were seeded into 48-well
plates (for viability assays) or into 6-well plates (for Western
Blot analysis). In order to obtain differentiated cells, they
were cultured with RA (10 μM) for six days as described
elsewhere (Guarneri et al., 2000; Jantas et al., 2014) and the
culture medium was changed every two days during this
period. Five hours before treatments, cells were washed with
phosphate buffered solution (PBS) and incubated with fresh
serum-free medium. Cells were pre-treated for 1 h with
DMSO or 40-CD (1 nM, 10 nM, 100 nM and 1000 nM), and then
exposed to vehicle (PBS) or Aβ1–40 (12 μM, solubilized in PBS at
37 1C for 24 h in order to obtain aggregated Aβ) plus DMSO or
40-CD in the doses previously described for 24 h. The dose of
Aβ used in this study was based in a pilot study (data not
shown).
4.4. Cell viability assays
To assess cell viability we performed the ﬂuorescein diacetate
(FDA)/propidium iodide (PI) assay (Astiz et al., 2014). FDA is a
cell-permeant esterase substrate that stain live cells. Living
cells actively convert the non-ﬂuorescent FDA into the green
compound ﬂuorescein. FDA assay allows the evaluation of
cell-membrane integrity, which is required for intracellular
retention of its ﬂuorescent product. In contrast, PI is a
membrane impermeable compound commonly used for the
identiﬁcation of dead cells. After treatments, cells wereincubated for 50 min at 37 1C with FDA (100 μM) and PI
(15 μM). After that, cells were washed with culture medium
and plates were read in a ﬂuorimeter. The viability ratio is
expressed by the ratio of the FDA/PI absorbance and is given
as percentage of control, and at least four independent
experiments were performed.4.5. Western blotting
After viability assay, cells were homogenized in lysis buffer
(pH 7.4) containing protease inhibitors and detergents
(150 mM NaCl, 20 mM Tris–HCl, 5 mM EDTA, 10% glycerol,
0.5% Nonidet P40 and protease inhibitor cocktail). The homo-
genates were centrifuged at 14000g for 5 min at 4 1C to
discard cell debris, and the supernatant fraction obtained was
used for Western blot assay. After protein isolation, the
samples were boiled for 5 min. The protein levels were
measured by the method of Bradford (1976). After protein
measurement, sodium dodecyl sulfate polyacrilamide gel
electrophoresis (SDS-PAGE) on 12 or 15% (w/v) was carried
out using a mini-protean system (Bio-Rad, Hercules, CA, USA)
with broad range molecular weight standards (Precision Plus
Protein Dual Color Standards, Bio-Rad). Protein (25 mg) was
loaded in each lane with loading buffer containing 65 mM
Tris (pH¼6.8), 50% glycerol, 10% SDS, 0.5 M mercaptoethanol,
0.002% bromophenol blue. Samples were heated at 94 1C for
2 min prior to gel loading. After electrophoresis, proteins
were transferred to 0.2 μm nitrocellulose membranes
(Trans-Blot, Bio-Rad) by a semi-dry system 25 V, 2.5 A, 5 min
(Trans-Blot Turbo Transfer System, Bio-Rad). The membranes
were blocked with 5% (w/v) BSA in TTBS (138 mM NaCl,
25 mM Tris, pH 8.0, and 0.1% (w/v) Tween-20) at room
temperature for 2 h, and then incubated overnight at 4 1C
with the primary antibody diluted in this same blocking
solution. The membranes were processed for immunodetec-
tion using rabbit polyclonal antibodies for survivin (16 kDa)
(1:1000 dilution) (Cell Signaling, Danvers, MA, USA), Bax
(23 kDa) (1:500 dilution) (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), Bcl-xl (30 kDa) (1:50 dilution) (Santa Cruz)
and procaspase-3 (32 kDa) (1:1000 dilution) (BD Biosciences,
San Jose, CA, USA). After washing with TTBS, the membranes
were incubated for 2 h at room temperature with goat anti-
rabbit (Jackson ImmunoResearch, West Grove, PA, USA) or
goat anti-mouse (Bio-Rad) peroxidase-conjugate secondary
antibodies (1:10000 dilution) and washed with TBS (20 mM
Tris–HCl, 140 mM NaCl, pH¼7.4). The blots were revealed for
chemiluminescence followed by apposition of the mem-
branes to autoradiographic ﬁlms (Hyperﬁlm ECL, Amersham).
The densitometric analysis of the autoradiographies was
performed with the image ImageJ software (NIH, Bethesda,
MD, USA). The results from each membrane were normalized
to β-actin (42 kDa) (1:4000 dilution) (Sigma-Aldrich) or glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) (36 kDa)
(1:1000 dilution) (Millipore, Billerica, MA, USA) where indi-
cated. To minimize interassay variations, samples from all
experimental groups were processed in parallel. Protein
expression values were calculated as arbitrary densitom
etric units.
b r a i n r e s e a r c h 1 6 3 2 ( 2 0 1 6 ) 9 1 – 9 7964.6. Statistical analysis
Statistical analysis was carried out using GraphPad Prism 5.0 soft-
ware (La Jolla, CA, USA). A one-way analysis of variance (one-way
ANOVA) was performed to evaluate cell viability and protein
expression between different groups. When appropriate, ANOVA
was followed by the Student–Newman–Keuls (SNK) post hoc test.
All results were expressed as mean7standard error (SEM). The
level of statistical signiﬁcance was set at Po0.05.Acknowledgments
Bruno D. Arbo received a scholarship from Conselho Nacional
de Desenvolvimento Cientíﬁco e Tecnológico (CNPq) and a
scolarship from Ciências sem Fronteiras. Maria Flávia M.
Ribeiro received a CNPq 2 Researcher Productivity Grant.
Grant support from Ministerio de Economia y Competitividad,
Spain (BFU2014-51836-C2-1-R) is also acknowledged.
r e f e r e n c e s
Azarashvili, T., Grachev, D., Krestinina, O., Evtodienko, Y., Yurkov,
I., Papadopoulos, V., Reiser, G., 2007. The peripheral-type
benzodiazepine receptor is involved in control of Ca2þ-
induced permeability transition pore opening in rat brain
mitochondria. Cell Calcium 42, 27–39.
Arbo, B.D., Benetti, F., Garcia-Segura, L.M., Ribeiro, M.F., 2015.
Therapeutic actions of translocator protein (18 kDa) ligands in
experimental models of psychiatric disorders and neurode-
generative diseases. J. Steroid Biochem. Mol. Biol. 154, 68–74.
Astiz, M., Acaz-Fonseca, E., Garcia-Segura, L.M., 2014. Sex differ-
ences and effects of estrogenic compounds on the expression
of inflammatory molecules by astrocytes exposed to the
insecticide dimethoate. Neurotox. Res. 25, 271–285.
Batarseh, A., Papadopoulos, V., 2010. Regulation of translocator
protein 18 kDa (TSPO) expression in health and disease states.
Mol. Cell. Endocrinol. 327, 1–12.
Barron, A.M., Garcia-Segura, L.M., Caruso, D., Jayaraman, A., Lee,
J.W., Melcangi, R.C., Pike, C.J., 2013. Ligand for translocator
protein reverses pathology in a mouse model of Alzheimer’s
disease. J. Neurosci. 33, 8891–8897.
Bradford, M.M., 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle ofprotein-dye binding. Anal. Biochem. 72, 248–254.
Corsi, L., Geminiani, E., Baraldi, M., 2008. Peripheral benzodiaze-
pine receptor (PBR) new insight in cell proliferation and cell
differentiation review. Curr. Clin. Pharmacol. 3, 38–45.
Cavallucci, V., D’Amelio, M., Cecconi, F., 2012. Aβ toxicity in
Alzheimer’s disease. Mol. Neurobiol. 45, 366–378.
Clementi, M.E., Pezzotti, M., Orsini, F., Sampaolese, B., Mezzogori, D.,
Grassi, C., Giardina, B., Misiti, F., 2006. Alzheimer’s amyloid beta-
peptide (1-42) induces cell death in human neuroblastoma via
bax/bcl-2 ratio increase: an intriguing role for methionine 35.
Biochem. Biophys. Res. Commun. 342, 206–213.
Chipuk, J.E., Moldoveanu, T., Llambi, F., Parsons, M.J., Green, D.R.,
2010. The BCL-2 family reunion. Mol. Cell. 37, 299–310.
Caruso, D., Barron, A.M., Brown, M.A., Abbiati, F., Carrero, P., Pike, C.
J., Garcia-Segura, L.M., Melcangi, R.C., 2013. Age-related changes
in neuroactive steroid levels in 3xTg-AD mice. Neurobiol. Aging
34, 1080–1089.
Dumanchin-Njock, C., Alves da Costa, C.A., Mercken, L., Pradier,
L., Checler, F., 2001. The caspase-derived C-terminal fragment
of betaAPP induces caspase-independent toxicity and triggersselective increase of Abeta42 in mammalian cells. J. Neuro-
chem. 78, 1153–1161.
Dejean, L.M., Martinez-Caballero, S., Manon, S., Kinnally, K.W., 2006.
Regulation of the mitochondrial apoptosis-induced channel, MAC,
by BCL-2 family proteins. Biochim. Biophys. Acta 1762, 191–201.
Edison, P., Archer, H.A., Gerhard, A., Hinz, R., Pavese, N., Tur-
kheimer, F.E., Hammers, A., Tai, Y.F., Fox, N., Kennedy, A.,
Rossor, M., Microglia, Brooks D.J., 2008. amyloid, and cognition
in Alzheimer’s disease: an [11C](R)PK11195-PET and [11C]PIB-
PET study. Neurobiol. Dis. 32, 412–419.
Gerhard, A., Pavese, N., Hotton, G., Turkheimer, F., Es, M., Hammers, A.,
Eggert, K., Oertel, W., Banati, R.B., Brooks, D.J., 2006. In vivo imaging
of microglial activation with [11C](R)-PK11195 PET in idiopathic
Parkinson’s disease. Neurobiol. Dis. 21, 404–412.
Girard, C., Liu, S., Cadepond, F., Adams, D., Lacroix, C., Verleye, M.,
Gillardin, J.M., Baulieu, E.E., Schumacher, M., Schweizer-Groyer, G.,
2008. Etifoxine improves peripheral nerve regeneration and func-
tional recovery. Proc. Natl. Acad. Sci. USA 105, 20505–20510.
Giatti, S., Pesaresi, M., Cavaletti, G., Bianchi, R., Carozzi, V.,
Lombardi, R., Maschi, O., Lauria, G., Garcia-Segura, L.M.,
Caruso, D., Melcangi, R.C., 2009. Neuroprotective effects of a
ligand of translocator protein-18 kDa (Ro5-4864) in experi-
mental diabetic neuropathy. Neuroscience 164, 520–529.
Guarneri, P., Cascio, C., Piccoli, T., Piccoli, F., Guarneri, R., 2000. Human
neuroblastoma SH-SY5Y cell line: neurosteroid-producing cell line
relying on cytoskeletal organization. J. Neurosci. Res. 60, 656–665.
Gillies, L.A., Du, H., Peters, B., Knudson, C.M., Newmeyer, D.D.,
Kuwana, T., 2015. Visual and functional demonstration of
growing Bax-induced pores in mitochondrial outer mem-
branes. Mol. Biol. Cell. 26, 339–349.
Grimm, A., Biliouris, E.E., Lang, U.E., Go¨tz, J., Mensah-Nyagan, A.
G., Eckert, A., 2015. Sex hormone-related neurosteroids dif-
ferentially rescue bioenergetic deficits induced by amyloid-β
or hyperphosphorylated tau protein. Cell. Mol. Life Sci. http://
dx.doi.org/10.1007/s00018-015-1988-x.
Hirsch, J.D., Beyer, C.F., Malkowitz, L., Beer, B., Blume, A.J., 1989.
Mitochondrial benzodiazepine receptors mediate inhibition of
mitochondrial respiratory control. Mol. Pharmacol. 35, 157–163.
Hernstadt, H., Wang, S., Lim, G., Mao, J., 2009. Spinal translocator
protein (TSPO) modulates pain behavior in rats with CFA-
induced monoarthritis. Brain Res. 1286, 42–52.
Issop, L., Fan, J., Lee, S., Rone, M.B., Basu, K., Mui, J., Papadopoulos,
V., 2015. Mitochondria-associated membrane formation in
hormone-stimulated Leydig cell steroidogenesis: role of
ATAD3. Endocrinology 156, 334–345.
Jaremko, L., Jaremko, M., Giller, K., Becker, S., Zweckstetter, M.,
2014. Structure of the mitochondrial translocator protein in
complex with a diagnostic ligand. Science 343, 1363–1366.
Jantas, D., Greda, A., Golda, S., Korostynski, M., Grygier, B.,
Roman, A., Pilc, A., Lason, W., 2014. Neuroprotective effects of
metabotropic glutamate receptor group II and III activators
against MPP(þ)-induced cell death in human neuroblastoma
SH-SY5Y cells: the impact of cell differentiation state. Neu-
ropharmacology 83, 36–53.
Jayaraman, A., Carroll, J.C., Morgan, T.E., Lin, S., Zhao, L., Arimoto,
J.M., Murphy, M.P., Beckett, T.L., Finch, C.E., Brinton, R.D., Pike,
C.J., 2012. 17β-estradiol and progesterone regulate expression
of β-amyloid clearance factors in primary neuron cultures and
female rat brain. Endocrinology 153, 5467–5479.
Li, H., Papadopoulos, V., 1998. Peripheral-type benzodiazepine recep-
tor function in cholesterol transport. Identification of a putative
cholesterol recognition/interaction amino acid sequence and
consensus pattern. Endocrinology 139, 4991–4997.
Lacape`re, J.J., Papadopoulos, V., 2003. Peripheral-type benzodiazepine
receptor: structure and function of a cholesterol-binding protein
in steroid and bile acid biosynthesis. Steroids 68, 569–585.
b r a i n r e s e a r c h 1 6 3 2 ( 2 0 1 6 ) 9 1 – 9 7 97Midzak, A., Rone, M., Aghazadeh, Y., Culty, M., Papadopoulos, V.,
2011. Mitochondrial protein import and the genesis of ster-
oidogenic mitochondria. Mol. Cell Endocrinol. 336, 70–79.
Miller, W.L., Auchus, R.J., 2011. The molecular biology, biochem-
istry, and physiology of human steroidogenesis and its dis-
orders. Endocr. Rev. 32, 81–151.
Nikolaev, A., McLaughlin, T., O’Leary, D.D., Tessier-Lavigne, M.,
2009. APP binds DR6 to trigger axon pruning and neuron death
via distinct caspases. Nature 457, 981–989.
Nilsen, J., Chen, S., Irwin, R.W., Iwamoto, S., Brinton, R.D., 2006.
Estrogen protects neuronal cells from amyloid beta-induced
apoptosis via regulation of mitochondrial proteins and func-
tion. BMC Neurosci. 7, 74.
Napolitano, M., Costa, L., Piacentini, R., Grassi, C., Lanzone, A.,
Gulino, A., 2014. 17β-estradiol protects cerebellar granule cells
against β-amyloid-induced toxicity via the apoptotic mito-
chondrial pathway. Neurosci. Lett. 561, 134–139.
Papadopoulos, V., Baraldi, M., Guilarte, T.R., Knudsen, T.B., Laca-
pe`re, J.J., Lindemann, P., Norenberg, M.D., Nutt, D., Weizman,
A., Zhang, M.R., Gavish, M., 2006. Translocator protein (18kDa):
new nomenclature for the peripheral-type benzodiazepine
receptor based on its structure and molecular function.
Trends Pharmacol. Sci. 27, 402–409.
Pavese, N., Gerhard, A., Tai, Y.F., Ho, A.K., Turkheimer, F., Barker,
R.A., Brooks, D.J., Piccini, P., 2006. Microglial activation corre-
lates with severity in Huntington disease: a clinical and PET
study. Neurology 66, 1638–1643.
Paradis, E., Douillard, H., Koutroumanis, M., Goodyer, C., LeBlanc,
A., 1996. Amyloid beta peptide of Alzheimer’s disease down-
regulates Bcl-2 and upregulates bax expression in human
neurons. J. Neurosci. 16, 7533–7539.
Qin, Y., Chen, Z., Han, X., Wu, H., Yu, Y., Wu, J., Liu, S., Hou, Y.,
2015. Progesterone attenuates Aβ25-35-induced neuronal
toxicity via JNK inactivation and progesterone receptor
membrane component 1-dependent inhibition of mitochon-
drial apoptotic pathway. J. Steroid Biochem. Mol. Biol. 154,
302–311.
Rone, M.B., Midzak, A.S., Issop, L., Rammouz, G., Jagannathan, S.,
Fan, J., Ye, X., Blonder, J., Veenstra, T., Papadopoulos, V., 2012.
Identification of a dynamic mitochondrial protein complex
driving cholesterol import, trafficking, and metabolism to
steroid hormones. Mol. Endocrinol. 26, 1868–1882.
Rissanen, E., Tuisku, J., Rokka, J., Paavilainen, T., Parkkola, R.,
Rinne, J.O., Airas, L., 2014. In vivo detection of diffuse inflam-
mation in secondary progressive multiple sclerosis using PET
imaging and the radioligand C-PK11195. J. Nucl. Med. 55,
939–944.
Sileikyte, J., Petronilli, V., Zulian, A., Dabbeni-Sala, F., Tognon, G.,
Nikolov, P., Bernardi, P., Ricchelli, F., 2011. Regulation of the
inner membrane mitochondrial permeability transition by the
outer membrane translocator protein (peripheral benzodia-
zepine receptor). J. Biol. Chem. 286, 1046–1053.
Selznick, L.A., Zheng, T.S., Flavell, R.A., Rakic, P., Roth, K.A., 2000.
Amyloid beta-induced neuronal death is bax-dependent butcaspase-independent. J. Neuropathol. Exp. Neurol. 59,
271–279.
Shin, S., Sung, B.J., Cho, Y.S., Kim, H.J., Ha, N.C., Hwang, J.I.,
Chung, C.W., Jung, Y.K., Oh, B.H., 2001. An anti-apoptotic
protein human survivin is a direct inhibitor of caspase-3 and
-7. Biochemistry 40, 1117–1123.
Schaeffer, V., Meyer, L., Patte-Mensah, C., Eckert, A., Mensah-
Nyagan, A.G., 2008. Dose-dependent and sequence-sensitive
effects of amyloid-beta peptide on neurosteroidogenesis in
human neuroblastoma cells. Neurochem. Int. 52, 948–955.
Takata, K., Kitamura, Y., 2012. Molecular approaches to the
treatment, prophylaxis, and diagnosis of Alzheimer’s disease:
tangle formation, amyloid-β, and microglia in Alzheimer’s
disease. J. Pharmacol. Sci. 118, 331–337.
Tamm, I., Wang, Y., Sausville, E., Scudiero, D.A., Vigna, N.,
Oltersdorf, T., Reed, J.C., 1998. IAP-family protein survivin
inhibits caspase activity and apoptosis induced by Fas (CD95),
Bax, caspases, and anticancer drugs. Cancer Res. 58,
5315–5320.
Vohra, B.P., Sasaki, Y., Miller, B.R., Chang, J., DiAntonio, A.,
Milbrandt, J., 2010. Amyloid precursor protein cleavage-
dependent and -independent axonal degeneration programs
share a common nicotinamide mononucleotide adenylyl-
transferase 1-sensitive pathway. J. Neurosci. 30, 13729–13738.
Yasuno, F., Ota, M., Kosaka, J., Ito, H., Higuchi, M., Doronbekov, T.
K., Nozaki, S., Fujimura, Y., Koeda, M., Asada, T., Suhara, T.,
2008. Increased binding of peripheral benzodiazepine receptor
in Alzheimer’s disease measured by positron emission tomo-
graphy with [11C]DAA1106. Biol. Psychiatry 64, 835–841.
Yu, W., Mechawar, N., Krantic, S., Quirion, R., 2010. Evidence for
the involvement of apoptosis-inducing factor-mediated
caspase-independent neuronal death in Alzheimer disease.
Am. J. Pathol. 176, 2209–2218.
Yu, W., Mechawar, N., Krantic, S., Quirion, R., 2011. α7 Nicotinic
receptor activation reduces β-amyloid-induced apoptosis by
inhibiting caspase-independent death through phosphatidy-
linositol 3-kinase signaling. J. Neurochem. 119, 848–858.
Yao, M., Nguyen, T.V., Pike, C.J., 2007. Estrogen regulates Bcl-w
and Bim expression: role in protection against beta-amyloid
peptide-induced neuronal death. J. Neurosci. 27, 1422–1433.
Zamzami, N., Kroemer, G., 2001. The mitochondrion in apoptosis:
how Pandora’s box opens. Nat. Rev. Mol. Cell. Biol. 2, 67–71.
Zu¨rcher, N.R., Loggia, M.L., Lawson, R., Chonde, D.B., Izquierdo-
Garcia, D., Yasek, J.E., Akeju, O., Catana, C., Rosen, B.R.,
Cudkowicz, M.E., Hooker, J.M., Atassi, N., 2015. Increased
in vivo glial activation in patients with amyotrophic lateral
sclerosis: assessed with [(11)C]-PBR28. Neuroimage Clin. 7,
409–414.
Zhou, Z.D., Chan, C.H., Ma, Q.H., Xu, X.H., Xiao, Z.C., Tan, E.K.,
2011. The roles of amyloid precursor protein (APP) in neuro-
genesis: implications to pathogenesis and therapy of Alzhei-
mer disease. Cell. Adhes. Migr. 5, 280–292.
